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Abstract: Desktop 3D FDM (Fused Deposition Modelling)
printers are usually employed for the production of non-
structural objects. In recent years, the present authors
tried to use this technology also to produce structural el-
ements employed in the construction of small UAVs (Un-
manned Aerial Vehicles). Mechanical stresses are not ex-
cessive for smallmultirotorUAVs. Therefore, the FDM tech-
nique combined with polymers, such as the ABS (Acry-
lonitrile Butadiene Styrene) and thePLA (PolyLacticAcid),
can be successfully employed to produce structural com-
ponents. The present new work is devoted to the pro-
duction and preliminary structural analysis of sandwich
configurations. These new lamination schemes could lead
to an important weight reduction without significant de-
creases of mechanical properties. Therefore, it could be
possible, for the designed application (e.g., a multifunc-
tional small UAV produced via FDM), to have stiffener and
lighter structures easy to be manufactured with a low-cost
3D printer. The new sandwich specimens here proposed
are PLA sandwich specimens embedding a PLA honey-
comb core produced by means of the same extruder, mul-
tilayered specimens with ABS external layers and an inter-
nal homogeneous PLA core using different extruders for
the two materials, sandwich specimens with external ABS
skins and an internal PLA honeycomb core using differ-
ent extruders for the two materials, and sandwich speci-
mens where two different extruders have been employed
for PLA material used for skins and for the internal hon-
eycomb core. For all the proposed configurations, a de-
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tailed description of the production activity is given.More-
over, several preliminary results about three-point bend-
ing tests, different mechanical behaviors and relative de-
lamination problems for each sandwich configuration will
be discussed in depth.
Keywords: Fused Deposition Modelling (FDM); 3D print-
ing process; additivemanufacturing; sandwich structures;
honeycomb core; ABS material; PLA material; bending
tests
1 Introduction
Additive Manufacturing (AM) processes usually generate
layered parts. These technologies are not exclusively used
for prototyping any longer. New AM opportunities and ap-
plications recently appeared in the literature even though
the economical impact is still modest. A possible AM tech-
nology classification was proposed by Levy et al. [1] where
the development years were given in brackets. This par-
tial list was: Stereolithography - SLA (1986-1988), Solid
Ground Curing - SGC (1986-1988), Laminated Object Man-
ufacturing - LOM (1985-1991), Fused Deposition Modelling
- FDM (1988-1991), Selective Laser Sintering - SLS (1987-
1992) and 3D Printing (Drop on Bed) - 3DP (1985-1997).
Additive Manufacturing (AM) was first patented in 1984
by the French scientist Alain Le Mehaute. Its distinctive
feature is the addition of material with different methods
(e.g., powder or wire) in place of the subtraction of ma-
terial from a raw part. AM was widely introduced in the
preliminary and conceptual design phase thanks to its re-
duced production costs and realization time for a proto-
type. In the last two decades, this technique was also con-
sidered for low-scale mass production [2]. 3D printing will
propel the revolution of fabrication modes forward, and
bring in a new era for customized fabrication by means of
the five any [3]: use of almost anymaterial to fabricate any
part, in any quantity and any location, for any industrial
field. Innovations in material, design and fabrication pro-
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cesses will be inspired by the merging of 3D-printing tech-
nologies and processes with respect to traditional man-
ufacturing processes. Finally, for manufacturing indus-
tries, 3D printing will become as valuable as subtractive
manufacturing processes. The AMprocess extensively em-
ployed in the present work will be the Fused Deposition
Modelling (FDM) technology because of its simplicity and
low costs. The present authors showed in [4] an innova-
tive multirotor Unmanned Aerial Vehicle (UAV) which was
able to easily and quickly change its configuration. The
proposed multi-rotor system was inexpensive because of
the few universal pieces needed to compose the platform
which allowed the creation of a kit (see the patent appli-
cation [5]). This modular kit allowed to have a modular
drone with different configurations. Such configurations
were distinguished among them for the number of arms,
number of legs, number of rotors andmotors, and landing
capability. Another innovation feature was the introduc-
tion of the 3D printing technology to produce all the struc-
tural elements. In this way, all the pieces were designed
to be produced via the Fused Deposition Modelling (FDM)
technology using desktop 3D printers and polymeric ma-
terials. Therefore, an universal, dynamic and economic
multi-rotor UAV was developed and called PoliDrone. One
of the most important target of the PoliDrone project is
to have a total weight (comprising the pay-load) always
less than 2 kilos for each possible configuration. A possi-
bility to reduce such a weight could be the use of sand-
wich parts in polymeric materials and produced via the
FDM technology. This target justifies the developing of
this new paper. The main improvements in future aircraft
and spacecraft may depend on an increasing use of con-
ventional and unconventional multilayered structures [6].
One of these advanced configurations are the sandwich
structureswith honeycombormetallic foamsused as core-
layers which are lightweight with high bending stiffness.
Goh et al. [7] proposed the use of sandwich structures
produced via AM technology in light-weight UAVs in or-
der to have better performance in terms of shorter take-off
range and longer flight endurance. However, light-weight
structures with complex inner parts are hard to be pro-
duced using conventional manufacturing methods. The
ability to print directly complex inner structures without
the need of a mould gives additive manufacturing (AM)
an edge over conventional manufacturing. Recent devel-
opments in composite and multi-material printing open
upnewpossibilities of printing light-weight structures and
novel platforms like flapping wings with ease. However,
the successfully application of the FDM technology in the
production of small structural elements, and in particular
sandwich structures, requires a depth material character-
ization and systematic and rigorous mechanical behavior
analyses as stated in [8].
Typical sandwich structures produced via classical
manufacturing processes are very common in the open
literature. The flexural behavior of sandwich structures
was usually experimentally determined bymeans of three-
or four-point bending tests [9]. The typical skin-core de-
lamination failure was influenced by eventual stresses
orthogonal to the middle plane of the sandwich and it
was due to the low shear stiffness and the elastic con-
stant mismatches of the skins and core material [10]. The
skin-core delaminations in classical sandwich structures
were extensively described in [11] and [12]. In sandwich
structures produced via FDM technology, the alreadymen-
tioned problems, related to classical sandwich configura-
tions discussed in [9–12], are in addition to the typical
problems connected with structural elements produced
via FDM [13–16]. Luzanin et al. [13] proposed three-point
bending tests for homogeneous specimens made of PLA.
The proposed experimental analysiswas influenced by the
layer thickness, deposition angle and infill percentage. All
these parameters had influence on the maximum flexural
force in FDM specimens made of PolyLactic Acid (PLA).
Melnikova et al. [14] described the effects of different ma-
terials (in particular Acrylonitrile Butadiene Styrene (ABS)
and PLA) in the FDM technique used for the production of
structural elements. Gu and Li [15] used the fused deposi-
tion modelling process in the construction of elements for
biomedical structures having complex geometry. Theman-
ufacturing parameters of deposition orientation and den-
sity were modeled for fabrication of prototypes with func-
tionally graded properties. The manufacturing efficiency
of the FDM technologies was investigated in [16] where the
filling rate was analyzed in order to reduce the filament
consumption. Interesting ideas about production activity
and experimental mechanical analysis of composite and
sandwich specimens produced via FDM technology can be
found in [17–35]. FDM composite elements were described
and analyzed in [17–25]. FDM sandwich structures are the
topic of works [26–35] with particular attention to classical
homogeneous cores in [26–28], honeycomb cores in [29–
31] and auxetic cellular structures and lattice materials in
[32–35]. Minetola et al. [17] proposed the use of a filament
made of a Polyammide (PA) blend as a reinforcement in
multimaterial PLA beams produced via FDM. The flexu-
ral behaviour of these composite beams was evaluated by
means of three-point bending tests. Experimental results
were compared with those of the finite element simula-
tions, and the influence of the layer-by-layer fabrication on
the beam resistance was also discussed. Kumar and Kruth
[18] discussed the use of rapid prototyping (RP) technol-
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ogy for rapid tooling and rapid manufacturing for the de-
velopment of application-oriented composites. The paper
proposed brief notes on the composites produced using
main rapid prototyping processes such as Selective Laser
Sintering/Melting, Laser Engineered Net Shaping, Lami-
natedObjectManufacturing, Stereolithography, FusedDe-
position Modelling, Three Dimensional Printing and Ul-
trasonic Consolidation. Specimens with different raster
orientations for each layer (sandwich-like configurations)
were built in [19] via FDM technology. The final stiffness
and strength of the specimens were determined in tensile
and bending tests, and the stiffness was predicted using
classical lamination theory. Parandoush and Lin [20] pro-
posed an interesting reviewpaper about different AM tech-
nologies for the production of composite elements with
polymeric matrices reinforced with different fibre types.
Although AM for fiber/polymer composites is increasing,
there are some issues which must be addressed including
void formation, poor adhesion of fibers and matrix, block-
age due to filler inclusion, increased curing time, mod-
elling, simulation, and so on. For these reasons, AM ca-
pabilities must be further enhanced by incorporatingmul-
tiple materials in its processes as discussed in [21]. Es-Said
et al. [22] proposed the study of tensile strength, modu-
lus of rupture and impact resistance for different layer ori-
entations of ABS rapid prototype solid models. The sam-
ples were fabricated by a Stratasys rapid prototyping ma-
chine in five different layer orientations. The 0∘ orien-
tation, where layers were deposited along the length of
the samples, displayed superior strength and impact re-
sistance over all the other orientations. The anisotropic
properties were probably caused by weak interlayer bond-
ing and interlayer porosity. The mechanical properties of
parts produced via FDM are strictly connectedwith signifi-
cant voids betweendeposition lines. In the studyproposed
in [23], a novel approach, that adding thermally expand-
able microspheres into matrix and combining FDM pro-
cesswith thermal treatment, was proposed to contrast this
problem. The influences of microsphere content, heating
temperature and heating time were investigated. Bade et
al. [24] discussed the possible applications of AMmethods
for the production of Carbon Fibre (CF) components with-
out the aid of mould or plug used by traditional methods.
They investigated the possible AM designing techniques
to experimentally prove the validity of the research to de-
velop a design concept which could be embedded into an
AM machine as a 3D Printer. PolyLactic Acid (PLA) tensile
test specimenswere producedwith Carbon Fibre (CF) rein-
forcements using both traditional moulding and AM tech-
niques. The preliminary mechanical testing of moulded
specimens with fibres revealed a tensile strength increase
of up to 73% when compared to PLA specimens with-
out fibres. Work [25] reviewed the state-of-the-art and dis-
cussed challenges connectedwith the use of additiveman-
ufacturing for directionally reinforced composite process-
ings. Wiliams et al. [26] investigated the feasibility of us-
ing Rapid Prototyping (RP) technologies (Stereolithogra-
phy (SLA), Fused Deposition Modelling (FDM), and Three-
Dimensional Printing (3DP)) for fabrication of the core of a
composite sandwich structure. Control cores of a flat ge-
ometry were fabricated from epoxy using SLA and from
ABS plastic using FDM. Corrugated geometry cores were
fabricated using SLA, FDM and 3DP. Carbon-epoxy com-
posite sandwich structures were fabricated from all cores
using a wet-hand lay-up process with vacuum cure. The
performance of each core was measured using a bending
test to determine bending stiffness and failure load. Com-
posite sandwich structures with corrugated ABS plastic
cores outperformed those with flat ABS plastic cores. Sev-
eralmanufacturingdemonstrationswereperformed in [27]
including the fabrication of a discrete PC-ABS sandwich
structure containing tetragonal truss core elements. The
crack initiation and crack propagation of 3D printed corru-
gated sandwich structures, using acoustic emission tech-
nique, were investigated in [28]. Vertical pillars were intro-
duced between the existing sinusoidal-wave-like corruga-
tions to improve the load bearing capacity of these struc-
tures. Bagsik et al. [29] analyzed the mechanical behav-
ior of lightweight parts manufactured with the 3D produc-
tion systemFortus 400mc and thematerial Polyetherimide
(PEI). The test specimenswere built upwith different inner
structures and building directions. Therefore, test speci-
mens with known lightweight core geometries (e.g., corru-
gated and honeycomb cores) were designed. A four-point
bending test was conducted to analyze the strength prop-
erties aswell as theweight-related strengthproperties. The
influence of the structure width, the structure wall thick-
ness and the top layer thickness was analyzed in honey-
comb structures. Li and Wang [30] combined 3D printing
technique, numerical analysis and experiments to design
a new class of sandwich composites that exhibit various
bending behaviors. These programmed sandwich struc-
tures contained 3D printed core materials with truss, con-
ventional honeycomb and re-entrant honeycomb topolo-
gies. Three-point bending tests were performed to inves-
tigate the bending behavior of these sandwich compos-
ites with two types of carbon fiber reinforced polymer face
sheets. A detailed description for the construction of sand-
wich structures with honeycomb core produced via Ad-
ditive Layer Manufacturing (ALM) process was given in
[31]. The proposed approach allowed a reduction for the
mass of sandwich components of about 50% if compared
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to conventional approaches. An analytical model of a 3D
re-entrant honeycomb auxetic cellular structure was es-
tablished in [32] using a large deflection Timoshenko beam
model. Analytical solutions for the elastic modulus, Pois-
son ratio and yield strength of the cellular structure in all
principal directions were obtained, they indicated a wide
range of mechanical property control via geometrical de-
signs. The results were compared with experimental tests
and finite element analyses. Lattice materials could sat-
isfy the need of light and stiff structures in the aerospace
industry. For example, the wing leading edge is one of
the most critical part for both on-board subsystem and
structural elements. Nowadays, this part is made by differ-
ent components bonded together such as external skins,
internal passageways, and feeding tubes. In work [33], a
single-piece multifunctional panel produced via additive
manufacturing was developed. Optimal design and man-
ufacturing were discussed according to technological con-
straints, aeronautical performances and sustainability. Se-
lective Laser Melting (SLM) technology was employed for
the production of thismultifunctional panel. In particular,
in works [34] and [35], the mechanical behaviour of this
porous core sandwichwas investigated bymeans of a com-
parison between results collected from experimental char-
acterization and numerical analysis based on a dedicated
finite element model.
In past authors’ works, homogeneous polymeric spec-
imens were tested and capability and statistical analyses
were performed. Tensile tests for homogeneous specimens
made of ABS were conducted in [36]. Geometrical and me-
chanical properties of produced specimens, such as ten-
sile strength and stiffness, were evaluated. ASTM 638 type
specimens were used. A capability analysis was applied
for both mechanical and dimensional performances. Sta-
tistically stable limits were determined using experimen-
tally collected data. Brischetto et al. [37] proposed a sta-
tistical characterization of the mechanical properties of
ABS specimens in compression tests in analogy with work
[36] about the tensile characterization of ABS specimens.
A desktop 3D printer, including ABS filaments as mate-
rial, was employed. ASTM 625 standard was considered
as the reference normative. A capability analysis was also
used as a reference method to evaluate the boundaries of
acceptance for both mechanical and dimensional perfor-
mances. The statistical characterization and the capabil-
ity analysis were proposed in an extensive form in order to
validate a general method that could be used for further
tests in a wider context. The main conclusions of works
[36] and [37] were deeply discussed in [38] where for both
tensile and compressive tests, Young Modulus, maximum
stress at rupture and stress at proportional limit were de-
termined. Works [39] and [40] were preliminary studies
which will be investigated in details in the present new
work. The present new paper is devoted to the produc-
tion and preliminary structural analysis of sandwich con-
figurations produced via FDM technology. These new lam-
ination schemes could lead to an important weight reduc-
tion without significant decreases of mechanical proper-
ties. The new sandwich configurations here proposed will
be sandwich specimens embedding honeycomb cores em-
ploying the same extruder for PLA skins and PLA core,
sandwich specimens with ABS external skins and PLA ho-
mogeneous core using two different extruders, sandwich
specimens with ABS external skins and PLA honeycomb
core using two different extruders, and sandwich speci-
mens embedding honeycomb cores employing two differ-
ent extruders for PLA skins and PLA core. For all the pro-
posed configurations, a detailed description of the produc-
tion activity is given. Moreover, several preliminary results
about three-point bending tests, different mechanical be-
haviors and relative delamination problems for each sand-
wich configurationwill be discussed in depth. The paper is
organized in a Section 2 about the detailed description of
the sandwich production via FDM technology, in a Section
3 where preliminary bending test results and mechanical
behavior descriptions of produced sandwich specimens
will be discussed in details, and in a Section 4 about the
main conclusions and the future developments of the pro-
posed activity.
2 Sandwich production via FDM
technology and test set-up
The specimens were printed using the home desktop
Sharebot NG 3D printer with two active extruders. The
technology behind this device is the FDM (Fused Deposi-
tion Modelling), also known as FFF (Fused Filament Fab-
rication). The process begins with a bundle of thermoplas-
tic raw material in the form of a cylindrical filament. The
polymer is mechanically dragged into the hot-end, melted
and extruded on a heated glass bed. After the first layer
has been completely printed, the bed moves downward
and the nozzle drops off the second layer on the previous
printed one, and so on. The distance between the extruder
and the printing plane (which could be the glass bed dur-
ing the first layer printing, or the previous layer during the
printing of the next layers) defines the layer height. The
path followed by the extruders during the printing process
canbe customized by the user. A certain number of periph-
eral beads are usually deposited; these beads closely fol-
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low the external contour of the object and are useful in or-
der to give a good surface finish to the final element. Once
the contour is complete, the extruder starts to fill the inte-
rior. The pattern can be customized; it is usually chosen as
a function of the shape of the piece and/or its particular
geometry and potential symmetries. The layer height and
the pattern are only two of the possible printing parame-
ters that must be chosen to set the process. Several studies
underlined that these parameters significantly affect the
mechanical response of the printed elements [41–43], in
particular for tensile and compression properties. Param-
eter values were set in analogy with past authors’ works
about tensile and compression tests of homogeneous poly-
meric specimens.
Build temperature. It is the temperature of the extrud-
ing nozzle, it is related to the specific employed poly-
mer. Both PLA and ABS can be properly extruded using
a certain temperature range. Following the manufacturer
recommendations, a nozzle temperature equals 230∘C for
PLA and equals 250∘C for ABS was set.
Layer height. It is the thickness of each printed layer. It
is directly responsible of the surface finish of the piece, es-
pecially for those elements with non-horthogonal vertical
walls. A layer thickness equals 0.1mm was chosen for the
single-extruder printed parts and a value equals 0.3mm
was set for the double-extruder printed elements.
Bed temperature. It is the temperature of the printing
surface. Its main function is to improve the general adher-
ence and to limit the shrinkage. Both these effects appear
with the rapid cooling of the element. ABS is more sensi-
ble than PLA to these effects. A temperature of 80∘C was
set when ABS is in contact with the printing floor. A lower
temperature (40∘C) was set when PLA was the first mate-
rial layer.
Perimeters. It is the number of peripheral beads which
must be printed. Due to the simplicity of the involved ge-
ometries, 2 peripheral beads were chosen.
Raster orientation/angle. When a rectilinear pattern
is selected for the internal infill, the angle of each de-
posited bead (with respect to a reference axis of the print-
ing plane) must be chosen. For the homogeneous sections
of the printed specimens, a criss-cross lamination with a
stacking sequence of [45∘/−45∘] was chosen. The honey-
comb core was printed without any internal infill because
the walls of each hexagon element were really thick and
therefore a single bead was sufficient.
Internal infill. It is the percentage of volume occupied
by the extruded polymer. A 100% internal infill was set for
the homogeneous sections of the printed specimens in or-
der to obtain solid sections. This parameter ismeaningless
in the case of the honeycomb core because of the previous
explanations.
2.1 The specimens
The two reference standards for the evaluation of the flexu-
ral properties of un-reinforced and reinforced plastic ma-
terials are the ASTM D790 [44] and the ASTM D6272 [45].
Both the standards describe amethod that involves the ap-
plication of a load to a simply supported specimen hav-
ing the form of a beam. The first test is accomplished with
a three-point loading system, the second one uses a four-
point loading system. The specimen rests on two supports
in both cases, the load is applied by a single and cen-
tered nose in the first case [44], two symmetrically located
noses are used in the second case [45]. The different con-
figurations lead to a different location of the maximum ax-
ial fiber stress due to a different location of the maximum
bendingmoment. In the ASTMD790 [44], it is suggested to
use the ASTM D6272 [45] if the surface subjected to tensile
stresses does not break or yield within the strain limit of
5.0%. Because of the aims of this preliminary evaluation,
it was chosen to follow the dictates of the ASTMD790 [44],
confirming its applicability thanks the generated results.
Given a span of 90mm between the supports, a span-to-
depth ratio of 18 was used. This feature leads to a thick-
ness of 5mm for the specimen. In order to have an appro-
priate holder, the length of the specimens was set equal to
99.50mm. All the specimens were 17.17mm wide.
The aim of this research activity is to assess the fea-
sibility and possible benefits of sandwich structures pro-
duced using a simple desktop 3D printer. Sandwich beams
aremade by thin skins and a thick internal core in the form
of a honeycomb configuration. The main idea behind this
lamination scheme is that the total thickness of the struc-
ture could provide greater bending stiffness without any
disadvantage in terms of weight.
The first idea is to test PLA sandwich specimenswith a
honeycomb core produced via a single extruder. Both the
skins and the core are printed in sequence by means of
the same (and only active) extruder. The 2D drawing of the
proposed specimen is shown in Figure 1. The two external
skins have a global thickness of 2mm, the thickness of the
honeycomb core is 3mm. The hexagon is the fundamen-
tal cell of the honeycomb core and it is repeated across
the width and the length of the specimen. Its apothem is
equal to 2.5mm and its walls are 0.5mm thick. Two com-
plete and two partial hexagons are arranged in specimens
principal transverse direction in order to obtain a symmet-
ric pattern with respect to the longitudinal direction. The
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Table 1: Lamination scheme of the eight specimens. HC means HoneyComb. HOM means HOMogeneous.
Specimen 1 2 3 4 5 6 7 8
CORE MATERIAL PLA PLA PLA PLA PLA PLA PLA PLA
CORE TYPE HC HC HC HC HC HOM HC HC
SKIN MATERIAL PLA PLA PLA PLA PLA ABS ABS PLA
NUMBER OF EXTRUDERS 1 1 1 1 1 2 2 2
Table 2: Dimensional experimental data for the eight specimens.
Dimensional experimental data
Specimen 1 2 3 4 5 6 7 8 NOMINAL
Width[mm] 17.38 17.57 17.11 17.12 17.18 16.95 17.01 16.95 17.17
Thickness[mm] 5.36 5.46 5.29 5.32 5.28 5.43 5.48 5.35 5.00
Figure 1: Nominal geometrical data of specimens 1-5, 7 and 8.
width is 17.17mm. As required by the first cited standard
ASTM D790 [44], 5 specimens were built and tested (spec-
imens 1-5 in Table 1). The results were processed and the
average value of the mechanical characteristics were ob-
tained. A qualitative investigation was made in order to
have valuable insights for the future developments. ABS
has better mechanical characteristics than PLA. For this
reason, the PLA skins have been replaced by ABS skins in
specimens 6 and 7 of Table 1. As the printer has to build
firstly the bottom skin, than the core and finally the top
skin using different materials, this choice involves a set-
back. Best printing results are obtained with FDM when
the deposition of the various layers is sequential and un-
broken. In this way, each new layer is deposited over the
old one during its solidification process. For these reasons,
the filament change during the process must be avoided.
Therefore, ABS and PLA are printed with a dedicated ex-
truder for each one. The external dimensions of the spec-
imens were the same as those considered before; at the
same time the relative thickness of the lamination is kept
unaltered. The tests on these last specimens shown the
performances to be significantly worse due to a limited
grip between the skins and the core, but the reason is not
entirely clear. The specimen 6 in Table 1 has ABS skins
and a homogeneous PLA core, in order to test the adhe-
sion from thematerial point of view. The specimen 7 of Ta-
ble 1 is similar to specimen 6 but the internal PLA core is
not homogeneous but it has a honeycomb configuration.
The specimen 8 of Table 1 has PLA honeycomb core and
PLA external skins, with the skins and the core separately
printed with the two different extruders. In this way, it is
possible to also test the adhesion from the manufacturing
point of view. All these configurations are summarized in
Table 1.
2.2 Test set-up
The test was carried out strictly following the procedure il-
lustrated in ASTM D790 standard [44]. The thickness and
the width of each specimen was measured, the collected
results are necessary to test the process performances and
to have the geometrical characteristics for the calcula-
tion of the mechanical properties. These geometrical data
are given in Table 2. It is necessary to underline that a
comparison cannot be done for the whole group of spec-
imens because different sandwich configurations are con-
sidered. The nominal value for the thickness is 5mm, each
specimen experimented an upward deviation. The first
five specimens are comparable because they use the same
sandwich configuration, and they shown amean value for
the thickness equal to tm = 5.34mm; the standard devi-
ation was found to be equal to σt = 0.0652. The nomi-
nal width for the specimens was supposed to be equal to
17.17mm. Also in this case, a certain variabilitywas found
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Table 3: Cross-head rate of motion R and deflection D at outer fibers strain equal to 0.05 mm/mm.
Cross-head rate and deflection according to ASTM D790
Specimen 1 2 3 4 5 6 7 8
R[mm/min] 2.52 2.47 2.55 2.54 2.56 2.49 2.46 2.52
D[mm] 12.59 12.36 12.76 12.69 12.78 12.43 12.32 12.62
Figure 2: Specimen 1 during the three-point bending test.
Figure 3: Specimen 1 (on the top) and specimen 6 (on the bottom)
after the three-point bending test.
for the first group of 5 specimens. The mean value for this
quantity is therefore wm = 17.272mm with a standard de-
viation of σw = 0.1779.
After the evaluation of the geometrical characteristics,
it was possible to set-up the experiment. Each test speci-
men was positioned horizontally in a resting position over
two supports. Figure 2 shows the example for the speci-
men 1 during the test. The load was given by a vertical
nose, symmetrically positioned between the two supports,
and acting on the upper surface. In accordance with the
nomenclature reported in [44], a Type I test was executed
in accordance with the procedure A. The deflection of the
specimen during the loading stage was measured using
the information obtained by the cross-head position. The
cross-head motion was set up using a constant strain rate
of 0.01mm/mm/min for the outer fiber. The rate of the
cross-head motion was calculated as:
R = ZL
2
6d . (1)
In Eq.(1), Z stands for the straining rate of the outer fiber;
it was imposed equal to 0.01mm/mm/min. L is the dis-
tance between the two supports of the testing machine, it
is equal to 90mm. d is the thickness of the specimen to be
tested. In place of the nominal value, the experimentally
measured value was used for each of the eight specimens.
R was therefore expressed in [mm/min]. Table 3 shows the
cross-head rate of motion for each of the 8 specimens. The
procedure made according to this standard is preferable
for those materials that break or yield in the outer surface
within a strain limit evaluated in 5.0%. An ex-post verifi-
cation was made and this standard was found to be appli-
cable for all the presented configurations, with exception
for the specimen embedding a homogeneous PLA core.
As reported in [44], the deflection amplitude which corre-
sponds to a strain in the outer fibers equal to 0.05mm/mm
must be calculated using the following expression:
D = rL
2
6d . (2)
In Eq.(2), r is the strain of the outer fibers and it was set
equal to the reference value. L and d have been described
before. The deflection D is given in the last line of Table 3.
Figures 3 and 4 show the specimens 1, 6, 7 and 8 after
the test. The family of the first 5 specimens (see the exam-
ple in Figure 3 for specimen 1) broke with a brittle failure
when the maximum tensile stress (in the lower fibers) or
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Table 4: Flexural modulus of elasticity and flexural strength for the eight proposed specimens.
Mechanical characteristics
Specimen 1 2 3 4 5 6 7 8
E[N/m2] 2034 1837 2114 2019 1964 1378 794 969
σmax[N/m2] 53.32 43.16 52.28 49.84 44.02 48.60 12.21 8.39
Figure 4: Specimen 7 (on the top) and specimen 8 (on the bottom)
after the three-point bending test.
the maximum compressive stress (in the upper fibers) was
reached. The same behavior has been shown for specimen
6 embedding a homogeneous PLA core. Specimens 7 and
8 have a different behavior with respect to specimens 1-5
and 6. The failure happened when the delamination be-
tween the lower skin (the one which experimented tensile
stresses) and the internal core appears. This feature sug-
gested that the failure could have been affected by an in-
adequate adhesion between the layers.
3 Preliminary bending results and
mechanical behavior of sandwich
specimens
Figures 5-8 show the raw data trends, giving the deflec-
tion of the center of the beam in [mm] versus the applied
load in [N]. A preliminary analysis of the proposed curves
shows that all the specimens independently by the ma-
terial and the stacking sequence, experimented an ini-
tial linear trend. Furthermore, the end of this behaviour is
clearly indicated by an abrupt change in the curve shape
whichbasically coincideswith the break of the outer skins.
The post-process of the raw experimental data was made
using the dictates provided by the reference standard [44].
In order to obtain the typical stress-strain curves, the flex-
ural stress and theflexural strainwere calculated. Theflex-
ural stress is defined as themaximum stress experimented
by the specimen under a certain load. Given the geometry,
the boundary conditions and the load configuration, the
maximum stress occurred in correspondence to the outer
surface (at the midpoint) was calculated as:
σf =
3PL
2bd2 . (3)
In Eq.(3), P is the load at the considered point and it is ex-
pressed in [N]. b is the width of the considered specimen.
L and d have been already described. The flexural strain is
defined as the strain of the outer surface at the midpoint,
where its maximum value is reached. It was calculated as:
ϵf =
6Dd
L2 . (4)
All the quantities involved in Eq.(4) have been previously
defined. Using the definitions given in Eqs. (3) and (4), the
following mechanical characteristics of the proposed con-
figurations were calculated.
Flexural Strenght. It is defined as the maximum value
of the flexural stress which can be sustained by the speci-
men.
Modulus of Elasticity. It indicates the material resis-
tance to deformation under stress. From a graphical point
of view, it indicates the slope of the stress-strain curve at
a certain stress level. As anticipated, all the specimens
showed an initial Hookean behavior; in this portion of the
graph, the trend of the stress-stain curve is almost linear.
The stress levelwhich corresponds to a change in the slope
of the curve was identified. Defining as Ns this N-th point,
a Matlab tool was implemented to build Ns − 1 ranges of
values. The N-th range contains all the values included be-
tween the first one and N − 1 point. A linear regression
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Figure 5: Raw load-deflection curves for specimens 1-5.
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Figure 6: Raw load-deflection curve for specimen 6.
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Figure 7: Raw load-deflection curve for specimen 7.
based on each of these ranges was made; the coefficients
were, then, averaged.
3.1 Results
The plots of the stress-strain curves for each of the 8 speci-
mens are shown inFigures 9-12. The results in terms of flex-
ural strain and modulus of elasticity are reported in each
graph and they are summarized in Table 4. The first 5 spec-
imens for the PLA sandwich structure embedding a honey-
combcore andproducedvia a single extruder areproposed
in Figure 9. For this group, a simple statistical analysis is
possible. The three remaining sandwich specimen types
have been produced as only one element for each type.
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]
Figure 8: Raw load-deflection curve for specimen 8.
Therefore, they are only used to make some preliminary
assessments and comparisons. Figure 13 shows the proba-
bility plot of the calculatedmoduli of elasticity for the PLA
specimens with honeycomb core produced via a single ex-
truder process. Themean value for the flexural modulus is
1994N/mm2, with a standard deviation of 102.7N/mm2.
A certain variability is present. It is interesting to notice
that specimen 2 appeared to be less performing if com-
pared with the other four specimens of the same group.
Figure 14 compares these results with those obtained with
the other three specimens (one for each remaining type).
The specimen with ABS skins and PLA honeycomb core
showed the worst performances, with an elastic modulus
of only 794N/mm2, which is less than half of that for the
first configuration. A similar performancewas obtained for
the specimenwith PLA skins and PLAhoneycomb core ob-
tained via two different extruders. Its stiffness was evalu-
ated in 969N/mm2. Better performances were shown by
the specimen with homogeneous PLA core and external
ABS skins, 1378N/mm2 was the calculated value for the
bending stiffness of this specimen type.
Theprobability plot for theflexural strengthof thePLA
specimens with skins and honeycomb core printed with
the same extruder is presented in Figure 15. An average
value of 48.52N/mm2 was found, with a standard devi-
ation of 4.69N/mm2. Also in this case, a significant vari-
ability is present, as the lower assumed value is equal to
43.16N/mm2 while the highest one is 53.32N/mm2. It is
interesting to note that the lowest value was recorded for
the specimen 2, which is the same specimen that experi-
mented the lowest modulus of elasticity. The comparison
between these results and those for the other three types of
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Figure 9: Stress-strain curves for specimens 1-5.
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Figure 10: Stress-strain curve for specimen 6.
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Figure 11: Stress-strain curve for specimen 7.
0 0.002 0.004 0.006 0.008 0.01
0
1
2
3
4
5
6
7
8
9
10
Stress−Strain curve − Specimen n°8
ε
σ
 
[N
/m
m2
]
Elin = 969 N/mm
2
σ
max
 = 8.39 N/mm2
Figure 12: Stress-strain curve for specimen 8.
Figure 13: Probability plot of the flexural modulus of elasticity
[N/m2] for specimens 1-5.
Figure 14: Comparison between the flexural moduli of elasticity
[N/m2] for the four specimen types.
Figure 15: Probability plot of the flexural strength [N/m2] for speci-
mens 1-5.
specimens is given in Figure 16. The performance proven
by the specimen with homogeneous PLA core was com-
parable with the one shown by the reference configura-
tion investigated in Figure 15: a value of 48.60N/mm2 was
measured. The other two specimen types with PLA honey-
comb core have lower values which are 12.21N/mm2 and
Brought to you by | Politecnico di Torino
Authenticated
Download Date | 4/4/18 10:09 AM
92 | S. Brischetto et al.
Figure 16: Comparison between the flexural strengths [N/m2] for
the four specimen types.
8.39N/mm2. The main reason of this bad performance is
again the delamination as already explained above.
4 Conclusions and future
developments
The paper presented a preliminary evaluation of the flex-
ural properties of sandwich specimens produced with a
home desktop 3D printer based on the FDM technology.
The main focus was devoted to a single material config-
uration where both the internal honeycomb core and the
external skins are made of PLA via a single extruder. The
average values of 1994N/mm2 for the flexural modulus of
elasticity and 48.52N/mm2 for the flexural strength were
found. 5 specimens were used for this configuration. Spec-
imen 2 showed significantly lower performances than the
other 4 specimens. During the post-processing of the re-
sults, it was assessed that this specimen was tested differ-
ently than the other four ones. In fact, the other 4 speci-
menswere tested using the upper surface as surfacewhere
the loading nose acted. On the contrary, specimen 2 was
placed upside-down. The idea is that the heat generated
by the printing floor is responsible of a pre-stress.
The substitutionof PLAwithABS for the external skins
resulted in lower performances for the modulus of elastic-
ity because of the use of two different extruders. Therefore,
a bad adherence between the skins and the core is shown.
This effect is related with the interaction between the two
different materials (ABS and PLA) and on the subsequent
print of the three layers by means of two different extrud-
ers. In fact, the specimen with PLA core and skins, sepa-
rately printed with two different extruders, showed simi-
lar performances. An improvement is obtained using a ho-
mogeneous PLA core in place of the honeycomb PLA core
when ABS skins are added by means of a second extruder.
These features suggest that the bad adhesion between the
layers could be linked to both the process and the materi-
als. The idea is that the transition between the first and the
second extruder gives an early cooling of the previously
printed layer reducing the ability of completely adhering
to the second layer. This effect is partially reduced for the
homogeneous PLA core because the limit surface between
layers is greater. Because of these interesting partial con-
clusions, further analysis are needed to clarify these indi-
cations and to perform a statistically stable behaviour.
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